Uncomfortable stalls reduce the time cows spend resting and are a risk factor for lameness. Although recommendations for stall dimensions are available, little research supports these recommendations. In this study, kinematic techniques were used to provide the first accurate measures of space used by Holstein dairy cows during lying-down movements in an open space and in a free stall. Cows (n = 5, mean parity 3.2 ± 1.0, body weight = 607 ± 21 kg) used up to 300 cm of longitudinal space when lying down, more than is typically provided by current industry recommendations for stall length. Cows used up to 109 cm of lateral space (180% of hip width), an estimate that is within current recommendations for stall width. During the lying-down movement, maximal lateral displacements at the hip occurred in two vertical zones: one between 95 and 135 cm, and the second less than 50 cm above the lying surface. Maximal longitudinal displacements of the nose were clustered 10 to 30 cm above the surface. These heights should be taken into account when designing and positioning stall partitions. Maximum instantaneous velocity of body markers approached 220 cm/s, indicating that cows can contact inappropriately placed stall partitions and the lying surface with considerable force. Kinematic techniques are promising ways of assessing spatial requirements of cattle to improve stall design. Further work is required to assess a wider range of cow sizes and stall configurations.
INTRODUCTION
Well-designed stalls provide advantages for dairy cows in both tiestall and freestall housing. However, uncomfortable stalls can reduce the amount of time spent lying down by up to 4 h/d (Haley et al., 2000) .
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Use of freestall housing is associated with an increased incidence of lameness (Hultgren, 2002; Webster, 2002) . Epidemiological research suggests that poor design of stalls is a contributing factor to the high incidence of lameness in freestall housing (Philipot et al., 1994; Faull et al., 1996) . Uncomfortable freestalls reduce stall occupancy (O'Connell and Meaney, 1997) , which can increase risk for mastitis, likely through contamination of the udder while lying in alleys (Kjaerstad and Simensen, 2001 ). Inadequate stall design can lead directly to injuries to cows. Blom et al. (1984) measured the pressure exerted by cows against structures in freestalls and found that cows often contacted partitions between stalls when attempting to stand, likely leading to contusions and inflammation at the costal arch.
Numerous recommendations for stall dimensions exist (Irish and Martin, 1983; McFarland and Gamroth, 1994; Faull et al., 1996; Bickert, 2000) , but little published research supports these recommendations. Research to date on stall design has focused on effects of bedding and stall surface (Tucker et al., 2003) . One recent study (Tucker et al., 2004) examined how freestall dimensions affect stall usage, and found that the cows spent more time lying down and had longer lying bouts in wider freestalls.
Another promising approach to establishing appropriate dimensions of stalls is to examine the amount of space taken up by the cow when it lies down or stands up. Several studies have attempted to measure the amount of space used by cows during these movements (Lidfors, 1989) . For example, Hoffman and Rist (1975) filmed cattle standing up behind a wire grid of known dimensions and measured the movements of markers placed on the body relative to the grid. The authors then used these measures to estimate a "movement curve" of individual body parts, such as the muzzle and pelvis. Due to the technology available at the time, these studies were subject to multiple sources of error, including incorrectly estimating the distances between the camera, grid and body markers, and difficulties in accounting for any changes in distances and angles as cows moved. In addition, these earlier studies used techniques that generated variables in only two dimensions. Faull et al. (1996) also reported estimates of the amount of space dairy cattle use when lying down and standing up, but failed to describe the methods they used to generate their measures of displacement.
Kinematics is an area of biomechanics that is ideally suited to measuring such movements. Much kinematic research has been done on human subjects. Work on animals has commonly focused on those used in sport, such as Thoroughbred horses and greyhound dogs, although some recent work by Herlin and Drevemo (1997) used this technique to investigate locomotion in cows. Most of the previous animal work has involved gait analysis, using video-derived kinematic data and forceplate measures to obtain kinetic data (Degeurce et al., 1996; Hottinger et al., 1996; Herlin and Drevemo, 1997; Clayton et al., 1998; van der Tol et al., 2003) . To our knowledge, no previous work exists that used computeraided kinematic techniques to evaluate movements of cattle when standing up or lying down.
The aim of this study was to describe the amount of lateral and longitudinal space used by cows when lying down in open, unrestricted environments, and in freestalls, as well as to examine the feasibility of using kinematic techniques for this purpose.
MATERIALS AND METHODS
Modern kinematical methods are used to derive three-dimensional reconstructions of video-recorded subjects performing specific movements. This is accomplished by first calibrating a volume of space within which these movements will take place, followed by video recording, and then digitizing and reconstructing movements of retro-reflective markers (referred to as subject markers) attached to specific anatomical landmarks on the subjects. In this experiment, lying events were digitized and reconstructed using the PEAK Motus 2000 motion analysis system (Peak Performance Technologies, Inc., Englewood, CO). For each recorded event, 4 files (1 from each of 4 cameras) of 2-D image data were reduced to one file of 3-Dl coordinate data. Data obtained from this system consisted of 3-D coordinates (cm) for each subject marker, segment lengths (cm) between markers, and linear marker velocities (cm/s).
The volume of space available for movement was calibrated by filming and digitizing a control object consisting of a metal frame hung from the roof of the barn, from which 45 retro-reflective markers (referred to as control markers) were suspended. This control object defined an orthogonal reference system that the PEAK system then used to reconstruct the movements of the subject markers. Control markers were manually surveyed, and their positions were entered into the PEAK system. Upon completion of the calibration procedure, the control object was removed before cows were allowed into the pen. All of the markers were either wood or foam spheres, approximately 3 cm in diameter, covered with retro-reflective tape. The complete calibration procedure was performed twice: once before and once after all the cows had been recorded. Results of the two calibrations were essentially identical, so only those from the first procedure are presented below.
Control markers and four video cameras (Panasonic WV-BP310, filming at 60 Hz [Au: Please provide a location-city and state-for Panasonic.]) were arranged as illustrated in Figure 1 . Accuracy of the calibration was determined in part by filming a static model with 5 segments, the lengths (between 41.0 and 201.0 cm) of which could be manually measured, and comparing the calculated segment lengths to the actual lengths. The difference between the surveyed lengths and those calculated by the motion analysis system varied from 0.2 to 1.2 cm, with a mean of 0.54 ± 0.19 cm. An additional check of accuracy was provided by the motion analysis system, which automatically calculated the positional error of each control marker based on the calculated positions of other control markers. A minimum of 6 control markers is needed in a control object when using the Direct Linear Transformation algorithm used by the PEAK system; however, a greater number of markers reduces error (Challis and Kerwin, 1992) . Each control marker is used to arrive at the calculated positions of the remaining markers. Therefore overall accuracy of the reconstruction is improved by removing the markers whose calculated positions differed most from their measured positions. We started with 45 control markers, but eliminated 11 with the largest positional errors in an iterative fashion (marker numbers 7, 10, 13, 14, 26, 28, 35, 36, 38, 42, 44) until an overall root mean square (RMSE = [∆X 2 + ∆Y 2 + ∆Z 2 ] 1/2 ) positional error of 0.9 cm was obtained. Five Holstein cows (mean of 3.2 ± 1.0 lactations and 607 ± 21 kg in BW) were used as subjects. All cows were in their last trimester of pregnancy and had no signs of impaired movement or ill health. Size of the cows is reported in Table 1 . Cows were given ad libitum access to hay and water, and were cared for according to the guidelines outlined by the Canadian Council on Animal Care (1993). Cows were placed individually in an indoor pen measuring 513 cm ± 359 cm, bounded on 3 sides by a rope fence, with a concrete feed bunk on the fourth side. The floor of the pen was hard-packed soil covered with approximately 20 cm of sawdust. During the first observational period, cows were free to lie down anywhere in the pen. During the second observational period, a freestall was placed in the pen and secured at the end opposite the feed bunk, such that it became the only place for the cow to lie down. The stall limit of current industry recommendations, and width was at the lower limit. Sawdust was added daily to the free stall to maintain a depth of approximately 5 cm. Video recording cows in both the stall and open pen allowed for a descriptive comparison of how lying behavior was affected by the stall. Schematic diagram of subject markers on cow. Black dots represent real markers, whereas white dots represent virtual markers. Specific locations of the markers are as follows: 1) front left knee marker-10 cm distal to the left carpus; 2) left shoulder-major tubercle of the left humerus; 3) back left hock-10 cm distal to the left calcaneal tuber; 4) left hip-left sacral tuber; 5) front right knee-10 cm distal to the right carpus; 6) right shoulder-major tubercle of the right humerus; 7) back right hock-10 cm distal to the right calcaneal tuber; 8) right hip-right sacral tuber; and 9) nose-dorsal surface of the head, 10 cm caudal to the nose. Front = front virtual markermidway between two shoulder markers. Back = back virtual marker-midway between 2 hip markers.
We attached subject markers to cows at 9 standard anatomical locations and used these to calculate the position of 2 virtual markers (Figure 2 ). Virtual markers were used to define a dorsal midline on the cows. Straight lines formed between the 2 shoulder markers and the 2 hip markers, and the 2 virtual markers created segments that will be referred to as "shoulder width," "hip width," and "back length," respectively.
Cows were allowed 24 h to acclimate to each of the filming conditions (i.e., pen, markers, lights, etc.) before video recording. Continuous video recording was undertaken for 6 h each evening until we had recorded a minimum of 2 lying events for each cow, in each condition, in full view of all cameras. This does not imply that all subject markers were in full view of all cameras at all times. To successfully calculate a 3-D location for a marker, the PEAK system needed a marker to be in view of a minimum of 2 cameras at any given time.
Measurements
Maximal lateral displacement from their original location for each shoulder and hip marker was calculated Journal of Dairy Science Vol. 87, No. 7, 2004 to determine the lateral space used when cows lied down. These displacements were then added to the shoulder and hip widths of each cow to obtain the total lateral space used in the movements; therefore, maximal lateral hip displacement was defined as left hip marker lateral displacement + mean hip width + right hip marker lateral displacement. Shoulder displacements were calculated in an identical fashion, using mean shoulder widths. Because the stall was of equal width at the front and back, we only reported the greater of the hip or shoulder displacements in any given movement because the goal was to identify the greatest amount of lateral space used by the cows during the lying down movement. This measure was referred to as "maximal lateral displacement."
For the nose marker, we measured the maximal displacement parallel to the longitudinal axis of the cow as defined by the back length vector. We reported this displacement in 2 ways. Firstly, "nose marker displacement" was defined as the length of the horizontal vector between the nose marker at the start of the movement and its position at its point of furthest forward displace- ment. This is a measure of the amount of space used in the forward lunge during the lying down movement. Secondly, we defined "total longitudinal displacement" as the length of the horizontal vector formed between the back virtual marker at the start of the lying movement and the nose marker at its point of furthest forward displacement. This measure was approximately 70 cm less than the actual longitudinal space used by the cow because the back virtual marker was defined as the midpoint between the 2 hip markers, and was thus approximately 60 cm from the most caudal point of the animal, and the nose marker was placed 10 cm caudal to the tip of the nose. All displacements were originally obtained as 3-D vectors, but for the purposes of the lateral and longitudinal displacements, they were resolved into a 2-D local coordinate system, in the direction of the length and width of the cow.
All of the displacement measures were also normalized as a percentage of body segments. The nose marker and total longitudinal displacements were normalized to the mean back lengths for each cow. Similarly, the maximal lateral displacements at the hips and shoulders were normalized to the mean hip and shoulder widths, respectively. These normalized measures can be interpreted to indicate that a particular cow used, for example, 150% of the width of her hips in lateral space while lying down.
Both absolute and normalized displacements are reported as the mean of the maximal values across cows, as well as the largest single displacement achieved by any cow, in both the open pen and in the freestall.
For each of the nose, hip, and shoulder markers, vertical distance above the ground at the point of furthest displacement also was recorded. This was done to determine spatial position of extremities of cows when they were maximally displaced. Rather than report means for each cow in each condition, we reported the actual values for all movements because they formed bimodal distributions with implications for stall design. Lastly, maximal linear velocities of nose, shoulder, and hip markers were obtained during the lying event, as was time taken to complete each movement. These were reported as the mean, maximum, and minimum for each cow in each condition.
A lying movement was defined to have begun when the marker on the first front knee to eventually touch the ground began to move, and ended when the marker on the final rear hock touched the ground. A marker was deemed to have started moving when its instantaneous resultant linear velocity exceeded 10 cm/s, and was deemed to have stopped moving when its instantaneous resultant linear velocity dropped below 10 cm/s. The value of 10 cm/s was chosen because it corresponded well with visual observations of when the markers began to move and terminated movement. In situations when the marker was obscured at the time of impact (e.g., in deep sawdust) we estimated ending times by manually viewing the images.
RESULTS
For 4 of the 5 cows, at least 2 complete lying movements were fully digitized in both the stall and the open pen. In the open pen, cow No. 5 chose to lie down in an area of the pen that was partially obscured from the cameras and outside of the calibrated volume, so its data for this condition are not reported.
Nose marker, total longitudinal, and maximum lateral displacements are reported in Table 2 as the mean of the largest displacement achieved by each cow, as well as the largest single displacement achieved by any cow, separately for recordings in the open pen and in the stall.
Vertical height at the point of furthest displacement for both hip markers and the nose marker are plotted in Figure 3 . Under both stall and no-stall conditions, the vertical displacements of the hip markers occurred largely in 1 of 2 clusters. Of the 22 (11 events × 2 hips for each event) observations in the open pen test, 11 (50%) occurred between approximately 100 to 130 cm above the ground, and 5 (23%) occurred approximately 30 to 45 cm above the ground. Of the remainder, 1 occurred at 78.7 cm, and 5 were not reported because no lateral displacement occurred away from the starting point for that particular hip marker on that event. In the freestall test, 17 of 34 (50%) observations occurred between approximately 95 to 135 cm above the stall bed, and 15 (44%) occurred 10 to 50 cm above the stall bed. For 2 other observations, no lateral displacement occurred away from the starting point.
Nose markers showed clustering around only 1 zone. All observations occurred 10 to 30 cm above the stall, both when using the stall and when no stall was present.
Mean marker velocities are presented in Figure 4 . In the open-pen test, the greatest instantaneous velocities reached were 210.8 (nose), 182.1 (hip), and 129.8 cm/s (shoulder). In the freestall test, these values were 199.4 (nose), 218.8 (hip), and 141.6 cm/s (shoulder).
Mean times to complete the movements varied from 3.2 to 5.6 s in the open-pen test, and from 3.1 to 5.5 s in the freestall. Note that these times represent the period required to complete the movement once it had begun, and did not account for time standing in the stall prior to the lying movement.
DISCUSSION
Comparison with previous studies on the space usage of cattle is difficult because most studies have dealt with standing up movements rather than the lying down movements examined in the current work. Often, earlier studies provided little detail on the methods used. For example, Cermak (1988) to 800 kg) Friesian cow requires between 70 and 100 cm of forward space during the rising movement. In this case, distance was measured from the forwardmost forelimb at the start of the movement to the point of furthest advance of the tip of the nose, in contrast to the longitudinal travel of the nose marker alone. Similarly, Faull et al. (1996) reported that a distance of 60 cm was needed for the length of the head lunge taken by a rising Holstein, but no specific description was given of what was measured. Results cited by Lidfors (1989) indicated that cows use more than 150 cm of forward lunge space when lying down. Hoffman and Rist (1975) reported that during standing, the muzzle moves forward about 45 to 60 cm. Our results indicate that typical maximal nose marker displacement was approximately 60 cm, with no single movement ex-ceeding 80 cm. Because we measured actual displacement of a marker on the nose, we believe that our measures most accurately reflect lunge space. Kammer and Tschanz (1975) reported that standing up requires approximately one-third more space than the overall length of the cow (e.g., 290 cm for a cow with a length of 220 cm). Hoffman and Rist (1975) reported that during standing movement, the total amount of longitudinal space required was about 300 cm. Our measures of maximal total longitudinal space indicated displacements of up to 230 cm, but when the length of the nose (10 cm) and the distance caudal to the back virtual marker (approximately 60 cm) is added, our estimates of total space usage (300 cm) fit well with these earlier estimates. Note that this total longitudinal displacement is approximately 300% of the back length of these cows.
Measures recorded in the current study are for mature Holstein cows, one of the largest dairy breeds. Earlier papers do not specify breed, complicating comparisons. In general, we expect that larger cows require more space than smaller ones. Indeed, it is common in the biomechanics literature to express movements in relation to body size to compare movements among subjects of various sizes.
Industry recommendations for overall stall bed length range from 200 to 240 cm, with head-to-head designs and those that provide lateral lunge space in the lower parts of this range (Irish and Martin, 1983; McFarland and Gamroth; [Au: McFarland and Gamroth not in References.], Faull et al., 1996; Bickert, 2000) . Freestalls used in this study allowed for a forward lunge beyond the head of the stall, as well as side lunges, resulting in overall longitudinal space usage of close to 300 cm in a stall that was only 246 cm long. This study was not designed to provide for inferential statistical comparisons between the stall and open pen, but the lack of any obvious differences suggests that lying movements were not constrained in the stall that we used. Effects of stalls that constrain these movements, as well as the presence of other cows in neighboring stalls, need to be investigated.
No published studies have examined the lateral space requirements of cattle. Our findings indicate that lateral space usage extended up to 109 cm, with the majority of the maximal displacements occurring at the hips (27 of 28 events). The 103-cm-wide stall used in this study did not markedly reduce the lateral space used by cows. Current recommendations for stall width are equivalent to about twice the hip width (Irish and Martin, 1983; McFarland and Gamroth, 1994; Faull et al., 1996; Bickert, 2000) . When lateral hip displacements in our study were normalized to hip width, they reached up to 180%, indicating that stall width that is 200%
Journal of Dairy Science Vol. 87, No. 7, 2004 of hip width is adequate to accommodate most lying movements. However, some cows appear to adjust their position after having completed the lying down movement, which may affect the total amount of lateral space needed to accommodate a lying cow. This possibility was not investigated in the current study. Tucker et al. (accepted [Au: 2004?] ) reported no differences in the number of lying events associated with 3 free stall widths (106 cm and larger between partitions), suggesting that freestall width does not influence the decision to lie down. However, duration of lying events is longer in wider stalls (Tucker et al., 2004) , showing that a complete evaluation of stall design requires an understanding of how design affects both stall use and the lying and standing movements that are the focus of the current paper.
Height above the ground at which the maximal displacements occurred can be used to determine the optimal height at which stall partitions should be placed. Our results indicate that 2 zones exist within which most lateral hip excursions occur: a high zone at 95 to 135 cm above the lying surface, and a low zone at 10 to 50 cm above the surface. Bars placed at these heights may increase the risk that cow will come into contact with them and injure themselves. Nose marker displacements clustered within one zone 10 to 30 cm above the lying surface. Although no previously published work describes similar results, diagrams of movement curves of the vertical position of the muzzle at maximum forward displacement are similar to our findings (Hoffman and Rist, 1975) .
Positioning the lower side bar at 70 cm and the upper side bar at 150 cm would allow lateral hip excursions without contacting freestall bars, at least for cows similar in size to those used in our study. Similarly, placing the forward side bar well above 30 cm would allow sufficient space for a side lunge. Clearly, space in front of the stall should also be kept open (e.g., free of stall hardware, extra bedding, etc.), especially in this movement zone. As Blom et al. (1984) indicated, injuries to the costal arch might result from contact with stall partitions. Although we did not place markers at these locations, a study similar to ours should be able to determine how stall partitions should be placed to minimize the risk of these injuries.
Timing and velocity data is useful for examining differences between individuals or environments. Blom et al. (1984) and Cermak (1988) indicated that cows might injure themselves when lying down or standing up in freestalls. Velocity data presented herein may be useful in understanding how stall design affects the force of impact of hips or shoulders on stall partitions, which may aid in reducing these injuries. In addition, measuring the speed at which cows contact the ground, in combination with force plate data, may help in the design of mattresses or stall beds.
Our study demonstrated that modern kinematic methods could be used to study the movements of dairy cattle in freestalls and open pens. The value of these techniques is based on our ability to understand and control sources of error. Measurement error in this study, associated with calibration of the control space, was estimated by surveying control markers and filming a model with known segment lengths. Both methods indicated that estimates of marker location were within 1 cm of actual locations, allowing us to report displacements with considerable confidence. These error estimates are similar to those reported by Deguerce et al. (1996 [Au: Degeurce in References.]) in a field experiment designed to evaluate the kinematics of horse locomotion. The ability to estimate such errors provides a considerable advantage over the planar techniques used in earlier studies.
In conclusion, mature Holstein cows observed in this study used up to 76 cm (78% of back length) of forward lunge space, 300 cm (approximately 300% of back length) of longitudinal space, and 109 cm (181% of hip width) of lateral space during the lying-down movement. These measures indicate that current recommendations for stall width (about 120 cm) are adequate to accommodate this movement, but recommended stall length (often less than 240 cm) should be increased. Maximal lateral displacements at the hip occurred in 2 zones relative to the lying surface: at 95 to 135 cm and below 50 cm. Maximal longitudinal displacements of the nose were clustered at 10 to 30 cm above the surface. Design and placement of stall partitions and other potential obstacles should account for these displacement measures to minimally interfere with cow movements and prevent injuries. Future work should examine effects of alternative stall designs on standing and lying movements. Biomechanical methods described in this paper can provide an accurate method of assessing how cows lie down and how design of stalls may impede such movements.
